Although magmatism may occur during the earliest stages of continental rifting, its role in strain accommodation remains weakly constrained by largely 2-D studies. We analyze seismicity data from a 13 month, 39-station broadband seismic array to determine the role of magma intrusion on state-of-stress and strain localization, and their along-strike variations. Precise earthquake locations using cluster analyses and a new 3-D velocity model reveal lower crustal earthquakes beneath the central basins and along projections of steep border faults that degas CO 2 . Seismicity forms several disks interpreted as sills at 6-10 km below a monogenetic cone field. The sills overlie a lower crustal magma chamber that may feed eruptions at Oldoinyo Lengai volcano. After determining a new M L scaling relation, we determine a b-value of 0.87 6 0.03. Focal mechanisms for 65 earthquakes, and 13 from a catalogue prior to our array reveal an along-axis stress rotation of 608 in the magmatically active zone. New and prior mechanisms show predominantly normal slip along steep nodal planes, with extension directions N908E north and south of an active volcanic chain consistent with geodetic data, and N1508E in the volcanic chain. The stress rotation facilitates strain transfer from border fault systems, the locus of early-stage deformation, to the zone of magma intrusion in the central rift. Our seismic, structural, and geochemistry results indicate that frequent lower crustal earthquakes are promoted by elevated pore pressures from volatile degassing along border faults, and hydraulic fracture around the margins of magma bodies. Results indicate that earthquakes are largely driven by stress state around inflating magma bodies.
Introduction
Magmatism during continental rifting creates new continental crust through dike and sill intrusion into existing crust, and through lavas and constructs at the surface [e.g., Thybo and Artemieva, 2013; Desissa et al., 2013; Ebinger et al., 2013; Lee et al., 2016] . Although the greatest amount of strain during intense rifting events is accommodated by magma intrusion [e.g., Grandin et al., 2009; Calais et al., 2008; Belachew et al., 2011] , the relative importance of magma intrusion in time-averaged strain accommodation remains only loosely quantified in early-stage rift zones [e.g., Biggs et al., 2009; Ebinger et al., 2013; Muirhead et al., 2015 Muirhead et al., , 2016 .
The aims of our study are to evaluate the role of magma intrusion during early-stage rifting in a region of active volcanism, dike intrusion, and volumetrically large degassing along fault zones: the southern sector of the Eastern (Gregory) rift system, Africa [e.g., Calais et al., 2008; Albaric et al., 2014; Lee et al., 2016] ( Figure 1 and supporting information Figure SM1 ). A sequence of damaging earthquakes, dike intrusions, and eruption at Oldoinyo Lengai volcano in 2007 -2008 [Baer et al., 2008 Calais et al., 2008; Biggs et al., 2009] , and a possible intrusion in the Magadi basin in 1998 [Ibs-von Seht et al., 2001] suggest links between Figure 1 . Simplified map of major faults and composite volcanoes in the southern sector of the Eastern rift, sometimes referred to as the North Tanzania Divergence, after Foster et al. [1997] , Le Gall et al. [2008] , Ebinger and Scholz [2012] , and Muirhead et al. [2016] . Inset shows location with respect to major faults of Eastern and Western rifts, and thick Archaean craton (details in supporting information Figure S1 ). Labeled features refer to large normal faults discussed in the text. Our focus is the Magadi, Natron, and Manyara basins, and their uplifted flanks, including the Crater Highlands horst. The active carbonatite volcano Oldoinyo Lengai lies in the center (OL), and Mts. Meru and Kilimanjaro lie to the southeast. Naibor Soito monogenetic cone complex indicated by circle labeled NS, which hosts the Pello Hill, Eledoi, and Naibor Soito xenolith sites; Lashaine and Olmani are other xenolith localities. BF 5 border fault; F 5 fault. Volcanoes mentioned in text are from N to S: Og 5 Olorgesailie; Le 5 Lenderut; K 5 Kerimasi; Kt 5 Kitumbeine; Em 5 Embagai; Om 5 Olmoti; Lm 5 Loolmalasin; NG 5 Ngorongoro crater; Od 5 Oldeani; Es 5 Essimingor. Other volcano names in supporting information Figure S2 .
Geochemistry, Geophysics, Geosystems 10.1002/2017GC007027 joint inversion of P and S arrivals, ambient noise tomography, and gravity data [Roecker et al., 2017] , and double-difference cluster analyses of cross-correlated waveforms and manual picks. First-motion focal mechanism solutions provide information on kinematics of border and intrabasinal faults, and stress state (purple triangles) with respect to Miocene-Recent eruptive centers and xenolith localities (black circles). Circle labeled Naibor Soito encloses the Naibor Soito monogenetic cone complex that hosts the Pello Hill (PH), Eledoi (E), and Naibor Soito (NS) mantle and crustal xenolith localities [Mansur et al., 2014] . Lashaine and Naibor Soito host Archaean lower crustal xenoliths, indicating that the Archaean-Pan-African contact dips eastward [Mansur et al., 2014] . Archaean-Pan-African surface contact from Manya and Maboko [2003] . Dashed lines A-A 0 (2.38S), B-B 0 (2.728S), and C-C 0 (3.28S) correspond to the cross sections in Figure. 9. F1-F3 are unnamed faults referred to in text.
Geochemistry, Geophysics, Geosystems 10.1002/2017GC007027 around magma bodies. We estimate the extension direction and strain rate from analyses of earthquakes detected on the CRAFTI-CoLiBrEA array, earlier local arrays [Ibs-von Seht et al., 2001; Mulibo and Nyblade, 2009; Albaric et al., 2010] and from events detected regionally and teleseismically [e.g., Dziewonski et al., 1981; Yang and Chen, 2010; Craig et al., 2011] . We then compare patterns with those of time-integrated patterns of faulting and magmatism [Foster et al., 1997; Le Gall et al., 2008; Muirhead et al., 2015] .
Background
Active faulting and magmatism occur across a large part of the African continent above one of Earth's largest mantle upwellings, the African Superplume [e.g., Nyblade and Robinson, 1994; Mulibo and Nyblade, 2013; Kendall and Lithgow-Bertelloni, 2016] . The Eastern (Gregory) rift marks the divergent plate boundary between the slowly opening (6 mm yr 21 ) Nubia and Somalia plates [e.g., Saria et al., 2013; Birhanu et al., 2016] (Figure 1 and supporting information Figure SM1 ). The Eastern rift splays into a broad zone of 80 km-long, seismically active faults and eruptive centers at its southern termination in Tanzania, and it transects Archaean lithosphere (Figure 1 ). Based on the National Earthquake Information Center (NEIC) catalogue from 1976 to present, this southernmost sector of the Eastern rift is its most seismically active part, with damaging earthquakes, and frequent volcanic eruptions at the carbonatitic volcano Oldoinyo Lengai [Dawson, 1992; Baer et al., 2008; Kervyn et al., 2010] (Figures 1 and 3) . Engdahl et al., [1988] ; Nyblade and Langston [1995] , Foster and Jackson [1998] , Brazier et al. [2005] , Yang and Chen [2010] , and Craig et al. [2011] , as compiled by Craig et al [2011] (supporting information Table S1). Letters refer to sequential listing in supporting information Table S1. Red labels: 2007 seismovolcanic crisis. Note that location errors are 10 km or more, restricting direct comparisons with events in Figure 7 . Volcanoes (from north to south) are Lo 5 Longonot; Og 5 Olorgesailie; Le 5 Lenderut; Gelai; NS 5 Naibor Soito monogenetic cone complex and xenolith field; Oldoinyo Lengai (carbonatite); K 5 Kerimasi (carbonatite); Kt 5 Kitumbeine; Em 5 Embagai; Om 5 Olmoti; Lm 5 Loolmalasin; NG 5 Ngorongoro; Od 5 Oldeani; Es 5 Essimingor; Mo 5 Monduli; Meru [after Baker, 1986; Foster et al., 1997; Mana et al., 2015] .
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Although the upper crustal contact between Archaean and Late Proterozoic crust lies west of the Magadi-Natron-Manyara rift zone, mantle xenolith data indicate that Archaean lithosphere underlies much of this rift sector [Aulbach et al., 2008 [Aulbach et al., , 2011 , and that it has been metasomatized [e.g., Chesley et al., 1999; Mattsson et al., 2013; Mana et al., 2015] (Figure 2 ). Some of these magmatic and aqueous fluids may be sourced from the deep mantle, based on interpretations of geochemical and seismic data [e.g., Pik et al., 2006; Juli a and Nyblade, 2013; Thompson et al., 2015] .
The distribution and geochemistry of eruptive centers provides insights into magma and volatile migration through the plate, and its relation to crustal strain. The Magadi-Natron-Manyara area includes a large number of <7 Myr-old basaltic shields and composite cones that have a wide range of lava compositions including melilitites, basalts, nephelinites, phonolites, as well as carbonatites [e.g., Dawson, 1992; Mollel et al., 2008 Mollel et al., , 2011 Mattsson and Tripoli, 2011; Mattsson et al., 2013; Mana et al., 2015] ( Figure 1 and supporting information Figure SM2 ). The three most important to our study are the carbonatitic Oldoinyo Lengai volcano, the monogenetic cone field of melilititic maars and nephelinitic cinder cones, and the 1 Myr-old Gelai volcano ( Figure 1 and supporting information Figure SM2 ). Although Dawson [1992] , Mattsson and Tripoli [2011] , and Mattsson et al. [2013] called this cone field the ''Lake Natron-Engaruka monogenetic field,'' we adopt the Maasai place name of Naibor Soito monogenetic field to avoid confusion with the Engaruka transfer fault and Natron basin. A unique geochemical signature in the lavas is the high CO 2 content of melilitites and carbonatites, probably derived from small partial melting of a metasomatized mantle source [Fischer et al., 2009; Mattsson et al., 2013; Mana et al., 2015] . The magmatic CO 2 degassing occurs not only at the active Oldoinyo Lengai volcano, but along faults bounding the Natron and Magadi basins, suggesting that the faults are conduits for gas transfer from the mantle to the atmosphere .
The Magadi, Natron, and Manyara rift basins are all half-graben bounded on their western margins by steep border faults that dip 608 at the surface [Foster et al., 1997; Ring et al., 2005; Le Gall et al., 2008; Muirhead et al., 2015] . They show a north to south younging pattern, but magmatism shows more complex trends [Mana et al., 2015] . The Crater Highlands is the fault-bounded crustal block between the Olduvai basin to the west, and the Natron-Manyara border faults, and it comprises many of the alkaline and composite volcanoes ( Figure 1 and supporting information Figure SM2 ). Owing to their diachroneity, we briefly summarize rift evolution and crustal contraints basin by basin.
The northern Magadi basin is partially filled with 7 Myr-old trachytes and phonolites from volcanic complexes on the eastern side of the basin. At about 2 Ma, silicic and carbonatitic volcanoes started to form within the central rift valley (Figure 1 and supporting information Figure SM1 ). Revised 40 Ar-39 Ar dating of the stratigraphically highest volcanic units reveal that volcanism largely ceased by about 0.95 Ma . Since this time, lavas covering the central basin floor were cut by many closely spaced faults [Baker, 1986; Muirhead et al., 2016] . Seismic refraction/wide-angle reflection, tomography, MT, and gravity data along the Kenya Rift International Seismic Project-94 (KRISP94) profile reveal a few kilometers of crustal thinning and evidence for 51 km of magmatic underplate beneath the Magadi basin [Birt et al., 1997; Thybo et al., 2000; Sippel et al., 2017] . A narrow zone of thinned mantle lithosphere is interpreted directly beneath the fault-bounded rift basin: 90 km thick versus >125 km outside the rift zone [Green et al., 1991; Ritsema et al., 1999] .
The original Natron basin, which contains lavas and sedimentary strata data at 3 Ma, was bounded by the Oldonyo Ogol fault [Manega, 1993; Foster et al., 1997; McHenry et al., 2011] (Figure 1 ). In the past 1.2-1 Myr the Songo border fault developed within this older basin to connect the Nguruman and Manyara border faults in a more direct line [Foster et al., 1997; Muirhead et al., 2016] (Figure 1 ). By 1.23 Ma, eruptive centers started to form within the basin bounded by the Songo fault and the monocline on its eastern side [Dawson, 1992; Mana et al., 2015; Muirhead et al., 2015 Muirhead et al., , 2016 . Based on receiver function results, crust thins from 40 km on the margins to less than 30 km beneath the basin, with Vp/Vs ratios >1.85 beneath the Crater Highlands and southern Natron basin, as compared to <1.74 beneath the rift flanks [Plasman et al., 2017; Roecker et al., 2017] .
A sub-E-W trending volcanic chain forms the northern margin of the Manyara basin, and it represents a broadly distributed transfer fault zone linking the Natron extensional basin to the Pangani rift zone to the east [Foster et al., 1997; Muirhead et al., 2015; Delcamp et al., 2016] (Figure 1 ). Although magmatism started between 6 and 4.7 Ma along the flanks of the Manyara basin [Mollel et al., 2008] , the present morphology Geochemistry, Geophysics, Geosystems 10.1002/2017GC007027 developed after the widespread outpouring of largely basaltic lavas at 1 Ma [Foster et al., 1997] . Crustal tomography results indicate low-velocity zones beneath the Manyara basin and the sub-E-W trending volcanic lineament between Essimingor and Kilimanjaro [Albaric et al., 2014] .
Data
The CRAFTI-CoLiBrEA network consisted of 39 broadband, three-component seismic stations installed between 12 January 2013 and 6 December 2014 ( Figure 2 ). The network comprised Streckeisen STS-2, Guralp 3T and 40T, Trillium 120 with Reftek dataloggers from IRIS-PASSCAL, as well as two University of Rochester Nanometrics Compact sensors. All data were acquired at 50 Hz. Along with CRAFTI-CoLiBrEA data, we use data from GEOFON stations KIBK and KMBO in Kenya [GEOFON Data Centre, 1993] (Figure 4 ). After about a month's recording, Garmin GPS clocks used for timing began to fail, and by late June, all but 5 GPS units were nonfunctional. The catastrophic GPS failures remain unexplained. Robust clocks were installed in late November 2013. Owing to these issues, we analyze about 13 months of data (18 January to 12 February 2013, and 1 December 2013 to 1 December 2014). We relocate earthquakes from a swarm that includes m b Figure 4 . CRAFTI-CoLiBrEA earthquake locations determined from the absolute location algorithm Hypoinverse and using the 1-D velocity model of Albaric et al. [2010] . Bold dashed line is the surface contact of Archaean and Pan-African crust after Manya and Maboko [2003] . Events are color coded according to depth, and scaled to local magnitude, M L . Events outside the array lacking depth constraints are scaled to magnitude and shaded gray. Purple triangles are seismometer locations. Purple stars are permanent GEOFON stations KMBO and KIBK; data from these stations were used in this study. Rectangle encloses Magadi-Natron-Manyara focus area indicated in Figures 2, 6, and 7. Small box south of KMBO indicates area of supporting information Figure S8 , which compares earthquake locations and quarries.
Geochemistry, Geophysics, Geosystems 10.1002/2017GC007027 4.5 and m b 4.6 earthquakes (as determined by NEIC) in June 2013 using only those stations with reliable GPS times (PR31, LN15, LN25, LN34, LN35, NG54, LL23; Figure 2 ). Noise levels were generally very low on stations placed in traditional grazing lands and national parks.
We also use a catalogue of earthquake focal mechanisms (M W > 4.5) determined from waveform analyses of the largest earthquakes that were recorded in the area from 1964 to 2007, as summarized in Table 1 and Figure 3 . These previous earthquakes provide the regional framework for our interpretation of the CRAFTI-CoLiBrEA network data.
Methods
Locations
P wave arrivals were hand-picked on Butterworth-filtered (1-2 Hz) vertical components of the 39 CRAFTI-CoLiBrEA stations and KIBK and KMBO using the Seismic Handler motif package [Stammler, 1993] . For each earthquake, the initial P wave picks were used to obtain an initial location, and horizontal components were then rotated to radial and transverse components. The S-phase was picked on the transverse component, and events located using Hypoinverse to produce a database of 3427 events. The database includes 40,754 P wave phases and 36,459 S wave phases. A minimum of six arrival time measurements with at least three Figure. 7. They are grouped with respect to region, as discussed in text and shown in Figure 8 . Events in bold are included in the rose diagram ( Figure 8 ) and Kostrov summation (supporting information Figure S10 ).
Geochemistry, Geophysics, Geosystems 10.1002/2017GC007027 P arrivals was required to assign a location, but most events far surpassed this threshold with 20 or more picked arrival times. Absolute locations were determined using the Hypoinverse algorithm [Klein, 2002] and the 1-D velocity model of Albaric et al. [2010] , which was used as the starting model in the crustal tomography [Roecker et al., 2017] . We used the Vp/Vs ratio of 1.74 determined from regression of S-P arrival times against P arrival times of earthquakes located within the network, but note that the final Vp/Vs starting model used in Roecker et al. [2017] is even lower at 1.72. The difference in earthquake locations is inconsequential.
Earthquakes (N 5 1253) with good spatial coverage and recorded on 12 or more stations were relocated using the 3-D velocity model derived from joint inversion of ambient noise, our P and S arrival times, and Bouguer gravity data [Roecker et al., 2017] (supporting information Figures SM3 and SM4 ). The June 2013 swarm was not included owing to the small number of stations with reliable timing. Only this subset of 1253 events was relocated using the 3-D velocity model because the wave speed modeling utilizes those hypocenters that have the most relevant information to the wave speed inverse problem and does not generate a comprehensive catalogue. We also used the double-difference relative relocation analyses to study the spatial relation of nearby earthquakes [Waldhauser and Ellsworth, 2000 ]. We use cross-correlated waveforms to improve P wave picks, and hypoDD V2.1beta that allows for variations in the elevations of stations and station-dependent velocity variations, in our application. Where the separation between hypocenters is small in comparison to event-to-station distances and to the scale of velocity variations, the ray paths from source to stations are similar, and the differences in travel times for the events provide a measure of their spatial separation [Waldhauser and Ellsworth, 2000] . The HypoDD algorithm adjusts the vector difference between nearby hypocentral pairs and updates locations through successive iterations, and allows for user defined weighting of phase picks and cross-correlated P wave picks.
Magnitudes
Given the presence of magma bodies as well as cratonic lithosphere within the study area, attenuation may vary spatially. After removing individual instrument responses and convolving with the nominal Wood-Anderson instrument response, [e.g., Richter, 1958] we measured the peak amplitudes for 73,000 N and E waveforms. Following the method of Keir et al. [2006b] , we used the amplitudes in a linear inversion for local station corrections, individual local earthquake magnitudes (M L ), and two linear distance correction factors (supporting information Figure SM5 ). We compute the magnitude at each station for both horizontal components, and then use the average of these values as the overall earthquake magnitude. There is no bias introduced, in comparison to standard methods of using the larger of the two horizontal amplitudes, because we have determined the N-S and E-W station corrections. The revised local magnitude scaling relationship with station corrections compensates for locally high seismic signal attenuation (see supporting information Figure SM6 ).
Focal Mechanisms
We use the first-motion modeling program FOCMEC, which assumes a double-couple solution to analyze earthquakes with M 1 with azimuthal gap in station coverage less than 1278 [Snoke et al., 1984] . The takeoff angle and backazimuth from the Hypoinverse solution and polarity of the vertical waveform are used in the grid search algorithm for best fitting nodal planes, and P and T axes (supporting information Figure SM7 ).
Results
Absolute Locations: 1-D Velocity Model
Most of the 3427 earthquakes were tectonic events with impulsive P arrivals, and clear S arrivals at most stations. Location uncertainties for earthquakes within our array have mean horizontal uncertainty of 1.2 km, and mean depth uncertainty of 1.8 km.
Although earthquakes outside the array have poorly determined or indeterminate depths and location uncertainties up to 10 km, they demonstrate active deformation within the Tanzania craton and the numerous volcanic lineaments ( Figure 4 ). The Eyasi rift and uplifted flanks are seismically active, as are some topographic scarps in Archaean crust (Figures 1 and 4 ). We also detected persistent earthquakes in the southern Manyara basin (Figure 4 ). Earthquake activity levels in the south Manyara basin have been high since first
Geochemistry, Geophysics, Geosystems 10.1002/2017GC007027 monitored in 1992 [Birt et al., 1997; Mulibo and Nyblade, 2009] , and studied in detail with an array in 2007-2008 [Albaric et al., 2010 [Albaric et al., , 2014 . Earthquakes occurred beneath the Kilimanjaro edifice, and along the NWoriented line of 1.4 Ma-Holocene eruptive centers and fissural vents referred to as the Chyulu hills (368E, 2.68 S), which may have a lower crustal magma chamber [Novak et al., 1997] (Figures 1 and 3) . The events at about 378E, 1.48S are very shallow (5 km), are lower frequency, and are in an industrial area with multiple quarries; they may be blasts. As shown in supporting information Figure SM8 , all are within 0.7-7 km of a quarry, providing a bound on location accuracy at the edge of the array. Only those earthquakes within or near the array are relocated and used in interpretations (sections 5.3-5.6).
Magnitudes
Local earthquake magnitudes range from 0.4 to 4.7 ( Figure 5 ). Two of the earthquakes were detected teleseismically, and assigned body wave magnitudes by the NEIC, providing some calibration of our local magnitude scale. The 03:24 3 June 2013 m b 4.5 and 09:53 m b 4.6 earthquakes have local magnitudes of 4.7 6 0.3 and 4.7 6 0.4, respectively, showing agreement with the NEIC estimates. The errors are larger for this group of events owing to the small number of stations operational. Important to note is that the 03:24 earthquake was mislocated by approximately 26 km, and the 09:53 earthquake by approximately 5 km in the NEIC catalogue.
b-Value
The frequency distribution of earthquakes of any given magnitude follows a log linear relation:
where M L is local earthquake magnitude and N is the number of earthquakes of magnitude larger than the magnitude threshold [Gutenberg and Richter, 1944] . The largest magnitude earthquakes are rare, whereas small magnitude earthquakes are common. The slope of the curve, b, is inversely proportional to the differential stress [e.g., Scholz, 1968 Scholz, , 2015 . Although the period of earthquake observations is 1-4 orders of magnitude shorter than the period of tectonic and volcano-tectonic rifting cycles, strain released through small earthquakes, averaged on a regional scale, mimics tectonic deformation [e.g., Amelung and King, 1997; Albaric et al., 2010] .
We use the maximum likelihood method [Aki, 1965; Utsu, 1965] to estimate a-value and b-value from the combined data set of well-located earthquakes within the array, and within the Oldoinyo Lengai-Naibor Soito-Gelai (OL-NS-G) volcanic line where seismicity is most intense ( Figure 5 ). The magnitude of completeness, Mc, is M L 5 1.05 6 0.10 found using the maximum curvature method, and applying the 10.2 correction factor of Woessner and Wiemer [2005] . The uncertainty is reported using the bootstrap method, which Geochemistry, Geophysics, Geosystems 10.1002/2017GC007027 takes into account uncertainty of the b-value fit, as well as uncertainties in Mc, since the latter affects the former [Woessner and Wiemer, 2005] . The b-value for the entire data set (N 5 2315) is 0.87 6 0.03 ( Figure 5 and supporting information Table SM2 ). We also estimated Mc, b-value, and a-value in the OL-NS-G region which encompasses 51% of the data set, as well as the 2007 dike intrusion (supporting information Figure  SM9 ). The b-value is 0.94 6 0.05, which lies within the uncertainty of the entire region (supporting information Figure SM9 and supporting information Table SM2 ).
The b-value of 0.87 6 0.03 estimated for the Magadi-Natron-Manyara rift zone is identical to the b-value of 0.87 for the central Kenya rift [Tongue et al., 1994] , and similar to the b-value of 0.84 for Tanzania, which includes the Archaean craton [Langston et al., 1998 ], and 0.9 for the intensely intruded and faulted Danakil Depression [Illsley-Kemp et al., 2017] (supporting information Figure SM1 ). A large number of earthquakes occurred south of our array in the Manyara basin where Albaric et al.
[2010] determine a b-value of 1.06, using local magnitudes estimated with a regional magnitude scaling [Hollnack and Stangl, 1998 ]. 
Double-Difference Locations
The data set was too large to relocate in one step, so the region was subdivided into six areas where similarities in earthquake sources are expected: Magadi basin; Natron basin; Embagai-OL-NS-G chain; Crater Highlands; Engaruka transfer fault zone; and northern Manyara basin (Figure 1 ). Band-pass-filtered (1.5-15 Hz) waveforms with a 0.2-0.3 s time window centered on the P arrival were cross correlated using the GISMO suite [Reyes and West, 2011] . Event pairs with a correlation coefficient 0.5 were used in the doubledifference relocation algorithm. The number of event pairs varied widely between regions, with the fewest event pairs (110) in the Magadi basin region where P wave arrival cross correlations were complicated by scattered and reflected wave arrivals immediately after the P arrival, and where station coverage was sparse. The largest number of event pairs was in the Naibor Soito-Gelai area where repeating earthquakes with highly correlated waveforms occurred, as outlined in a complementary study [Oliva et al., 2017] . The crosscorrelated times were given a progressively higher weighting than the manual pick times in the later iterations.
We included topography and used station-specific 1-D velocity models extracted from the results of Roecker et al. [2017] . In the Naibor Soito subregion, the relocated events diverged during iterative doubledifferencing. This zone encloses Oldoinyo Lengai and Gelai volcanoes, and is underlain by a lower crustal low-velocity zone [Roecker et al., 2017] . Solutions converged after the amplitude of the velocity reduction was reduced, suggesting that divergence was caused by inadequate ray-tracing through the low-velocity zones in the middle and lower crust. The reduced depth range of the low-velocity zone in the area near Oldoinyo Lengai and Gelai volcanoes leads to 1 km upward shifts in the centroids of the double-difference clusters relative to the 3-D locations, in a sense consistent with the lower velocities in the 3-D model (supporting information Figure SM4 ). Systematic comparisons of results from each relocation method are complicated because different subsets of earthquakes were considered, and because Hypoinverse assumes a flat surface, whereas hypoDD and the 3-D model consider topography (Figure 6 and supporting information Figure SM3 ). The doubledifference earthquakes are those with eight or more event pairs with P wave arrivals that are well correlated, whereas the events used in the tomography model were chosen to provide a regular spatial distribution to sample the model space, effectively reducing the effects of clustering. Histograms of depths, which have the largest uncertainties, provide a means to evaluate differences between the absolute and relocated Geochemistry, Geophysics, Geosystems 10.1002/2017GC007027 events (supporting information Figure SM4 ). The 3-D and double-difference hypocenter locations show no systematic depth differences. The events at depths >25 km in the absolute locations occurred in the northern Manyara basin, which was not imaged in the crustal tomography. The lower crustal earthquakes in the Manyara basin are consistent with depth distributions from the earlier work of Albaric et al. [2010, 2014] . Geochemistry, Geophysics, Geosystems 10.1002/2017GC007027
Focal Mechanisms
Earthquakes with clear P arrivals on 8 or more stations and with azimuthal gaps 1278 were screened for focal mechanism solutions. We use takeoff angles from the absolute locations for consistency. Events 13 and 14 are the two M L 4.7 earthquakes that occurred during the time period of GPS failures, but we can still Figure 7 . Focal mechanism solutions color coded with depth and scaled with magnitude determined from P wave first motions on the CRAFTI-CoLiBrEA array that included permanent stations KMBO and KIBK (Figure 2) . Events 1-40 are listed in Table 1 and have nodal planes constrained to 2r 108, and Events 41-65 have nodal planes constrained to 2r 208, as in Table 2 . Cross sections in Figure 9 are E-W profiles at 2.38S (A-A 0 ), 2.728S (B-B 0 ), and 3.28S (C-C 0 ). Focal mechanisms in 10 km-wide swath centered on each line are projected onto the line of each cross section.
Geochemistry, Geophysics, Geosystems 10.1002/2017GC007027 use the P wave polarities and estimate takeoff angles using nearby events with accurate timing. Of the 200 earthquakes considered, 40 had strike, dip, and rake of the better constrained slip plane with 2r 108 (class A, Table 1, Figure 7 ). Owing to the locally complex crustal velocity structure that adds uncertainty to takeoff angles from event relocations, we allowed up to two P-phase errors if within 58 of a nodal plane. An additional 26 events had strike, dip, and rake of the slip plane with 2r 208 (class B, Table 2, Figure 7 ). Patterns in the mechanisms emerge when they are considered in terms of along-axis segmentation, as outlined below.
Extension Direction
We test the hypothesis that a local rotation in extension direction occurs in the OL-NS-G region, and we group earthquake focal mechanisms into three zones: (1) the Magadi-Natron rift segments north of the chain;
(2) the Oldoinyo Lengai-Naibor Soito-Gelai (OL-NS-G) magmatic chain; and (3) the northern Manyara rift segment, which includes parts of the Engaruka transfer fault and Essimingor-Kilimanjaro volcanic chain (Figure 8 ). Owing to the comparatively large (10 km) location errors of earthquakes prior to our array, we evaluate them separately from our precisely located events, and compare results.
Earthquake focal mechanisms from our temporary array, and the prior events in the region indicate a local rotation of the regional sub-E-W extension direction to NNW-SSE in the region between the northern Manyara basin and the southern Natron basin. Rose diagrams show the azimuthal distribution of extension directions (T axes) of the focal mechanisms regardless of magnitude. On the other hand, Kostrov summation of the focal mechanisms are weighted by seismic moment, and are therefore dominated by the largest earthquakes and are more relevant when assessing extension direction in light of seismic moment release [Kostrov, 1974; Jackson and McKenzie, 1988 ] (see supporting information section 6). The T axis directions determined from the summed moment tensors in the OL-NS-G magmatic chain (N1488E for the local earthquakes and N1588E for the prior catalog, supporting information Figure SM10 and supporting information Table SM3 ) are consistent with the extension direction indicated in rose diagrams of T axes orientations (N1488E 6178 and N1608E 6 148, for the local and prior earthquakes, respectively, Figure 8 ). The few teleseisms in the weakly magmatic Manyara rift segment result in a wide spread in the rose diagram (mean vector, N518E 6 438, Figure 8) , whereas a moment-weighted summation shows E-W extension (N928E, a These are plotted in Figure. 7. They are grouped with respect to region, as discussed in text and shown in Figure 8 . Events in bold are included in the rose diagram ( Figure 8 ) and
Kostrov summation (supporting information Figure S10 ).
Geochemistry, Geophysics, Geosystems 10.1002/2017GC007027 supporting information Figure SM10 ). The Magadi-Natron rose diagram indicates ENE-directed extension (N928E 6 208), a slight rotation from the Kostrov summation T axis (N1228E), the N1068E Magadi extension direction determined by Ibs-von Seht et al. [2001] , and the geodetically determined opening to the east (N1058E) [Saria et al., 2013] (Figure 8 and supporting information Figure SM10 ).
Earthquakes within the volcanic chain have an overall NNW-directed extension for both the CRAFTI-CoLiBrEA events, and the prior earthquakes, which are all from the 2007 diking episode (supporting information Table SM1 ). The two catalogs reveal a T axis clockwise rotation of 438-558 from the upper bound on the geodetically determined regional extension direction of N908E 6 158 [Saria et al., 2013] , as well as an 558-708 and 408-508 rotation from the Magadi-Natron opening direction from CRAFTI-CoLiBrEA (N928E 6 208 T axis) and Manyara T axis direction (N1108E) of Albaric et al. [2014] , respectively.
Our 13 month-long period of seismic recording is short compared to tectonic and magmatic rifting cycles, but the prior earthquakes span 44 years, providing a crude estimate of seismic strain rates (supporting information Table SM3 ). The largest strain rates occur in the magmatically active zone between the Natron and Manyara basins. Converting our strain rate estimates to extensional velocities, the maximum rate determined from events prior to our array is 0.11 mm yr 21 during the 2007 diking sequence, or about 30 times Table S1 ). Red arrows with error ellipses are extension direction determined from geodetic data [Saria et al., 2013] . Green arrow is the T axis (105 6 58) determined from a similar analyses of seismic data from the Magadi basin [Ibs-von Seht et al., 2001] , and blue arrow is the T axis direction (1108) from inversion of focal mechanism solutions in the Manyara area [Albaric et al., 2014] . Dotted rectangle shows the extent of Figures 2, 6, and 7. Geochemistry, Geophysics, Geosystems 10.1002/2017GC007027 smaller than the opening rate predicted by models of geodetic data [Saria et al., 2013] . Our observations of a long-term process are incomplete, but they clearly show a seismic strain deficit in comparison to these independent measures, suggesting that most of the plate opening occurs aseismically in this rift sector. The 2007-2008 seismovolcanic crisis in the Natron basin, therefore, may be representative of current deformation processes in this rift sector; magma intrusion and creep may contribute to the order of magnitude difference between the geodetic and seismic strain rates across this magmatic early-stage rift zone.
Discussion
Precise earthquake locations, and orientation of T axes of locally detected earthquakes and prior earthquakes detected regionally and teleseismically were integrated with results of receiver function [Plasman et al., 2017] , crustal tomography [Roecker et al., 2017] , spatial variations in time-averaged deformation from surficial structural studies Lee et al., 2017] , and gas chemistry measurements , to interpret the localization of strain and magmatism in this early-stage, magmatic rift zone (Figures 9 and 10 ). For ease of discussion, we refer to focal mechanisms by event number as listed in Table 1 and shown in Figure 7 .
Along-Axis Segmentation and Kinematics
Magadi basin: Seismicity occurs throughout the depth range 4-25 km beneath the 4 km deep Magadi basin, with the deepest events near projections of border faults, assuming surface dips [Muirhead et al., 2015] . Small magnitude earthquakes also occurred beneath Olorgesailie and Lenderut volcanoes (Figure 1 , supporting information Figure SM2 , and Figures 6 and 7) . Exceptions are small magnitude, perhaps nontectonic Events 2 and 41 in the central Magadi basin, which are compressional (Figure 8 ). Our earthquake focal mechanisms indicate slip along NNW to NNE-striking, steep planes (Figure 7) . Event 1 has a near vertical NNW-striking nodal plane that parallels the Kordjya fault (Figures 1 and 7) , which releases magmatic CO 2 dissolved in alkaline springs [Lee et al., 2017] and through diffuse degassing Muirhead et al., 2016] .
The spatial distribution, depth extent, and focal mechanisms of our results are similar to those from an earlier seismic experiment in the central Magadi basin [Ibs-von Seht et al., 2001] , which found high levels of activity within the central Magadi basin, as well as lower crustal (20-26 km) seismicity in some areas. An intense swarm of upward-migrating earthquakes occurred in 1998 beneath northern Lake Magadi, which Ibs-von Seht et al. [2001] interpreted as evidence for a dike intrusion. Focal mechanisms for the 1998 swarm are similar to one another, and they indicate a N1068E minimum compressive stress direction [Ibs-von Seht et al., 2001] .
Receiver function results indicate that the crust thins from 35 km on the western flank to 29 km beneath the faulted basin, indicating 17% extension [Plasman et al., 2017] . This stretching estimate is identical with results of refraction-wide-angle reflection studies of Birt et al. [1997] , assuming that the highly reflective, high velocity layer beneath the Magadi basin between 29 and 34 km is mafic underplate added to the crust during mechanical thinning [Thybo et al., 2000] . There is no clear surface expression of a transfer fault zone between the northern and southern ends of the Songo and Nguruman border faults, respectively, which exhibit a small, soft-linked, right step-over (10 km offset) (Figures 1, 6, and 7) .
Natron basin: Excluding the volcanic zone at the southern end of the basin, nodal planes of focal mechanisms indicate slip along steep planes (Tables 1 and 2 and Figure 7) . Seismicity in the Natron basin north of Oldoinyo Lengai volcano is localized to the western side of the basin, and to the zone of closely spaced NNE-striking faults and aligned eruptive centers cutting the Gelai shield complex. The western zone of seismicity includes lower crustal earthquakes that lie along a subsurface projection of the Songo border fault, which dips 608 at the surface [Foster et al., 1997; Le Gall et al., 2008] (Figure 9a ). Hot springs and soil gas measurements record large CO 2 emissions along the length of the Songo border fault system, as well as the fault system on the western side of Gelai volcano . A second N-S trending zone of lower crustal seismicity occurs about 15 km to the east of the border fault, near the center of the basin, and it rises to 6 km below sea level (Figure 9a ). Excluding event 49, focal mechanisms beneath the eastern side of Lake Natron show slip along steep, N-S to NNE-striking fault planes (Figure 7) .
Geochemistry, Geophysics, Geosystems Figure 1) . Figure 10b is an enlargement of Profile B between 77 and 143 km.
Geochemistry, Geophysics, Geosystems 10.1002/2017GC007027 Figure 10 . Enlargement of double-difference clustered earthquake locations ( Figure 6) and rift cross section shown in Figure 9b overlying detail of 3-D velocity model from joint arrival-time, ambient noise, and gravity inversion [Roecker et al., 2017] . Topography above the cross section has a VE of 2; detailed structural interpretation in Muirhead et al. [2016] . The bold red line is the geometry of the July 2007 dike intrusion from inversion of InSAR data [Wauthier, 2011] . Gray focal mechanism for the Mw 5.9 17 July 2007 earthquake is determined using global and local seismic data [Calais et al., 2008] . Note that CRAFTI-CoLiBrEA earthquakes from both shallow and deep zones show similar mechanisms. F1, F2 are unnamed faults.
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Moho depths across the Natron basin vary from about 40 km beneath the flanks of the rift, to 27 km beneath Lake Natron, suggesting as much as 30% extension across this basin (Figures 9a and 9b ). Low S-velocity zones as well as high Vp/Vs ratios in the lower crust beneath Lake Natron suggest widespread magmatic underplate [Plasman et al., 2017; Roecker et al., 2017] , providing a source for the high levels of CO 2 degassing along the Songo border fault. Receiver functions show a strong impedance contrast at the crust-mantle interface, a pattern consistent with the high reflectivity lower crust interpreted as underplate beneath the Magadi and Natron basins [Thybo et al., 2000; Plasman et al., 2017] . Considering the lower crustal seismicity we detect, and these independent constraints, the western Natron basin may be the site of active underplating and intrusion.
Oldoinyo Lengai-Naibor Soito-Gelai (OL-NS-G) volcanic chain: The majority of earthquakes we located form a NE-trending belt between Embagai volcano on the Crater Highlands and Gelai volcano in the central Natron basin (Figures 1, 4, and 6 ). Excluding the Naibor Soito cone complex, seismicity spans the base of crust to surface, and it encompasses the site of the 2007-2008 seismovolcanic crisis. Notable is the N-S trending belt of frequent, shallow seismicity between Loolmalasin volcano and Embagai volcano that rotates NE between Oldoinyo Lengai and Gelai volcanoes ( Figures (1 and 4) , and 6). Focal mechanisms between Loolmalasin and the Naibor Soito cone complex show two subsets: approximately N-S planes, and N50-808E planes that match the distribution pattern (Figure 7) . The cluster of shallow earthquakes beneath the southern and eastern flanks of Gelai volcano have a wide range of nodal planes ranging from E-W to NW, whereas normal faults and aligned cones strike E-W and NNE [Muirhead et al., 2015] .
Geodetic and seismic data show that 50-65% of the strain release during the 2007-2008 seismovolcanic crisis in the Natron basin was accommodated aseismically, consistent with the intrusion of a 7-15 km-long, 2.4 m-wide, 4 km-high dike beneath the Naibor Soito complex [Calais et al., 2008] (Figure 1) . Considering the relocations of some earthquakes using a local array and surface fractures [Albaric et al., 2014; Wauthier, 2011] , the 2007 teleseisms in Figure 3 should be shifted to the southern Gelai region. The 2007 hypocentral depths are 5-10 km, somewhat shallower than the 6-16 km depths for local earthquakes that we determine from precise relocations.
In cross section (Figure 10) , seismicity clusters around the boundaries of low-velocity zones within the lower crust imaged in crustal tomography and interpreted as degassing magma bodies, and at the edges of strong velocity contrasts where stress concentrations are expected [Roecker et al., 2017] . Planform and cross sections of seismicity suggest that the Naibor Soito cone field is underlain by two disk-shaped zones with eastern edge at 368E, and at depth between 6.5-8 km below sea level (Figures 9b and 10) . These stacked zones of seismicity beneath the <1 Ma Naibor Soito monogenetic cone complex may be pressurized sills sourced by hot, gas-rich magmatic fluids from the lower crustal magma chamber ( Figure 10 ). Their spatial location is consistent with one model for the source of magmas for the 2007 dike intrusion: 10 km depth beneath the Naibor Soito complex [Calais et al., 2008] . Crustal tomography shows elevated P and S wave velocities in the upper crust beneath Naibor Soito where mafic lavas have been erupted ( Figure 10 ). The higher velocities may be caused by repeated intrusions of olivine-rich melilitite with abundant mantle fragments that would also increase density and velocity [Mattsson et al., 2013; Manya, 2014] . A second subset of well-clustered earthquakes at <10 km depth rises NW to the flank of Oldoinyo Lengai volcano. The shape of this smaller cluster is also circular in planform ( Figure 10 ).
The two M L 4.7 normal fault earthquakes in the 3-4 June 2013 swarm initiated at the edge of a disk-shaped zone of seismicity interpreted as a sill complex, a time-space pattern nearly identical to the start of the 2007 volcanotectonic crisis in the same area [Baer et al., 2008; Calais et al., 2008] . The 2007 dike intrusion zone determined from models of InSAR data coincides with the eastern edge of the tabular zones, and the June 2013 focal mechanisms are similar to those of the 17 July 2007 Mw 5.9 earthquake that preceded and potentially triggered the 2007 dike intrusion (Figures 9b and 10 ). Based on these similarities and new imaging, the July 2007 dike intrusion was most likely sourced from the Naibor Soito sill complex. A similar stacked sill complex is interpreted from combined seismicity and petrological studies of composite and shield volcanoes in Afar [e.g., Field et al., 2012] .
Crater Highlands and Engaruka Transfer Fault Zone: The N-S-striking Songo border fault is linked to the NNEtrending Manyara border fault via the NW-striking oblique-slip Engaruka fault system, which bounds a narrow depression (Figure 1 ). Event 63 (10 km depth) occurred near the Manyara-Engaruka fault intersection, Geochemistry, Geophysics, Geosystems 10.1002/2017GC007027 and its N-S subvertical nodal plane suggests slip along the Manyara border fault (Figure 7 ). Event 65 (9 km depth) shows slip along a NW-striking nodal plane parallel to the Engaruka fault. Events 39 and 64 beneath the Lembolos graben ( Figure 1 ) have steep NW-striking nodal planes that parallel local vent alignments [Muirhead et al., 2015] , suggesting that this WNW-striking faulted depression continues beneath the volcanic chain (e.g., Figure 9c ). The NW-striking surface faults, persistent and widely distributed seismicity, and eruptive volcanic chains suggest that the Engaruka fault transfers strain from the Natron-Manyara rift sector eastward to the Pangani rift, consistent with time-averaged deformation patterns [Le Gall et al., 2008; Muirhead et al., 2015] (Figures 1 and 4) .
Clustered earthquake swarms occur along N-S and NE-striking fault planes within the Crater Highlands (Figures 7 and 9c) . Notable are the pipe-like swarm of earthquakes beneath Loolmalasin volcano, and the diffuse midcrustal swarm beneath Ngorongoro crater (Figures 1 and 9c) . Events 35 and 36 are midcrustal earthquakes with steep slip planes that may have occurred along projections of NNE-striking normal faults on the western side of Ngorongoro and Olmoti volcanoes (Figures 1 and 7) . N-S-striking faults F2 west of Embagai, F3 cutting Olmoti caldera and Oldeani volcano are also active ( Figure 2 ).
Manyara basin: Most of the earthquake activity occurs south of 3.68S, and outside our array, with spatial distribution similar to that documented by Albaric et al. [2014] and Mulibo and Nyblade [2009] .
Stress Field Rotation at OL-NS-G Volcanic Chain
Seismic and geodetic data from the Eastern rift indicate approximately E-W extension along the Eastern rift, with the OL-NS-G volcanic chain a local exception: NNW-SSE directed extension. The localized nature of the extension direction argues against the involvement of basement fabric, as outlined below. Le Gall et al. [2008] interpreted the shift from N-S striking fault to NE-striking faults and dikes within the southern Natron basin as evidence for basement control on fault orientations. Muirhead et al. [2015] synthesized dike data from the study area, and found subradial patterns around the largest constructs, and only local agreement with the NE-striking strain fabric and dike swarms in Archaean rocks [e.g., Mudd and Orridge, 1966; Halls et al., 1987; Le Gall et al., 2008] . The Archaean and Pan-African strain fabrics, moreover, dip at angles 458 [e.g., Smith and Mosley, 1993] that are much shallower than the subvertical dip angle of the 2007 dike, and earlier dikes [Calais et al., 2008; Biggs et al., 2009 Biggs et al., , 2013 Muirhead et al., 2015] . Preferential reactivation of generally shallow-dipping basement fabrics, therefore, seems unlikely as the cause of the local stress field rotation, which is not seen north and south of the OL-NS-G chain where basement fabric is also NE.
Based on the along-axis patterns of faulting and magmatism, we interpret a local rotation in extension direction in the area of widespread, and currently active magma intrusion from Embagai to Gelai volcano. The NNE-elongate surface and internal loads add to the E-W extensional tectonic stress field, and cause a local and possibly temporal rotation in the stress field [e.g., de Vries and Merle, 1996; Gudmundsson, 2006; Karlstrom et al., 2009] (Figures 8 and 11 ). Numerical and analytical modeling in progress tests the role of rift morphology and surface and subsurface loading on the observed changes in dike and fault kinematics [e.g., Maccaferri et al., 2014] .
Geological data suggest that the local extension direction rotation existed before the 2007 dike intrusioneruption sequence, and perhaps before 0.35 Ma. Not only do dikes and aligned volcanic chains strike NE, but the inferred swarm of dikes in the Gelai region [Muirhead et al., 2015] appear to merge with 1 Ma Kerimasi volcano, which lies immediately to the south of Oldoinyo Lengai (Figure 1 ). Kerimasi and Gelai volcanoes formed contemporaneously [Mana et al., 2015] , and a NE-trending magma intrusion zone may have served to transfer magma and strain from the Manyara border fault to Gelai volcano at 1 Ma, before Oldoinyo Lengai developed at about 0.35 Ma [e.g., Sherrod et al., 2013] .
The sustained activity between the northern tip of the Manyara border fault and Gelai volcano suggests that the geometry and kinematics of intrabasin linkage zones in magmatic rifts are strongly influenced by the spatial arrangement of crustal magma chambers during the early stages of rifting. In the Eastern rift case, the stress field rotation facilitates strain transfer from the Manyara border fault system, the locus of deformation during the earliest stages of rifting, to the zone of magma intrusion in the central rift valley. The Natron border fault is seismically active as well as the subvertical zones of lower crust to surface seismicity in the central basin, interpreted as the site of repeated dike intrusions. Structural analyses and our studies indicate that older, 7 Ma Nguruman border fault is largely inactive, and strain Geochemistry, Geophysics, Geosystems 10.1002/2017GC007027 has migrated to a 30 km-wide zone of dike intrusion and faulting in the Lake Magadi area. The spatial patterns of faulting and magmatism from Gelai northward in the Eastern rift system is very similar to that of the Main Ethiopian and Afar rift systems where strain is localized to 20 km-wide, 50 km-long magmatic segments that are sites of regular magma intrusion fed from one or more crustal magma chambers [e.g., Keranen et al., 2004; Bendick et al., 2006; Keir et al., 2009] (Figure 11 ).
Lower Crustal Earthquakes
Do fluids released from magma degassing and mantle metasomatism cause overpressure that adds to normal stress, and induces seismicity [e.g., Keir et al., 2009; Lindenfeld et al., 2012] ? Does the presence of fluids near border faults cause fault zone weakening and microseismicity [Reyners et al., 2007] ? Or, is the lower crust unusually strong beneath East Africa [Shudofsky, 1985; Mulibo and Nyblade, 2009; Yang and Chen, 2010; Craig et al., 2011] ?
Crustal xenoliths from Archaean crust and Pan-African crust (Lashaine, Naibor Soito) are mafic granulites [Jones et al., 1983; Mansur et al., 2014] , indicating similar lower crustal compositions on either side of the Archaean-Pan-African suture (Figure 2) . Sippel et al. [2017] reexamine controlled source, mantle tomography, and heat flow data from the Eastern rift in Kenya and Tanzania, and also infer granulite lower crust. Laboratory experiments simulating lower crustal conditions demonstrate that granulite in the lower crust is relatively weak, particularly if the rock contains a small weight percent of water [Wang et al., 2012] . Using these stress-strain relations for mafic granulite and strain rates and geotherms from Sippel et al. [2017] , the brittle-ductile transition occurs between 15 and 16 km below sea level (assuming 12 MPa/km gradient as in Behr and Platt [2011] and supporting information Figure SM11 ), or much lower than estimates used in Sippel et al. [2017] . The widespread metasomatism, degassing at the surface, and hydration of mantle xenoliths all suggest that the calculated yield stress for mafic granulite is an upper bound on strength of the crust beneath the Magadi-Natron-Manyara area, providing little explanation for the M L > 2.5 earthquakes beneath the Magadi-Natron basins from our work, and earlier studies by Ibs-von Seht et al. [2001] . The Manyara basin has even deeper earthquakes, with teleseisms at 30-35 km [Yang and Chen, 2010] , and the majority of local earthquakes between 30 and 40 km [Albaric et al., 2014] .
Cooled magmatic underplate beneath parts of the Magadi and Natron basins may locally strengthen the lower crust, but high Vp/Vs ratios in the lower crust and CO 2 degassing along faults that penetrate to the lower crust indicate fluid alteration, compressible fluids in pore spaces, and local heating, consistent with active underplating that weakens the crust [ Geochemistry, Geophysics, Geosystems 10.1002/2017GC007027 crust, therefore, seems an unlikely explanation for widespread lower crustal seismicity in the magmatically active Natron and Magadi basins.
One subset of lower crustal earthquakes occurs along lower crustal projections of Natron basin (Songo) border faults that are actively degassing magmatic CO 2 [Lee et al., , 2017 , and where Vp/Vs is unusually low [Roecker et al., 2017] . The border faults, therefore, provide fluid pathways to the surface for exsolved gases from the active zones of underplating in the lower crust. The CO 2 gas exsolved from active magma intrusion is a dense, super critical fluid in the lower crust, and its presence may preferentially embrittle the stretched and intruded granulitic lower crust [e.g., Selverstone and Wawrzyniec, 2001] . Exsolving volatiles may create a lower threshold for rock failure by increasing pore pressures in country rock surrounding or above degassing magma bodies [e.g., Sibson, 1992; Collettini et al., 2008] . Although little is known of CO 2 in the lower crust, its presence promotes cataclasis, pressure solution, and phyllosilicate formation, all of which reduce friction and promote fault creep [Niemeijer and Spiers, 2005; Collettini et al., 2008] . The CO 2 release, therefore, may serve to localize strain to the border fault during early-stage rifting, and explain some of the seismicity at depth greater than the brittle-ductile transition for mafic granulite in this area (15 km below sea level).
A second subset of lower crustal earthquakes appears to be directly associated with magma and volatile migration. The lower crustal low-velocity zone beneath the Naibor Soito monogenetic cone complex is largely aseismic, and it is surrounded by a zone of persistent seismicity. This lower crustal lowvelocity zone likely indicates a pressurized magma body. Resolution tests of crustal tomography models argue against the presence of two separate magma chambers beneath Oldoinyo Lengai and Naibor Soito cone province, indicating that the Oldoinyo Lengai eruptions, and intrusions into the upper crust beneath the Naibor Soito monogenetic cone province may be sourced from the same magma chamber [Roecker et al., 2017] . The Naibor Soito sill and dike complex, therefore, may provide hydraulic connection to Oldoinyo Lengai volcano, and feed dike intrusions into the monogenetic cone province. Stressing of lower crust by both gas and magma movement, volatile migration, and fluid overpressure, therefore, are the likely causes of lower crustal earthquakes in the magma-rich Natron and Magadi basins.
Implications for Earthquake and Volcanic Hazards
We detect two or more pressurized magma chambers and intrusive bodies beneath the Natron-Manyara accommodation zone: the lower crustal magma chamber beneath Oldoinyo Lengai, Naibor Soito monogenetic cone complex, and southern Gelai volcano, and a sill complex at 6-10 km between Oldoinyo Lengai and Gelai volcanoes. Earthquake hazard models are commonly linked to repeat times of large earthquakes that relieve tectonic stress, but the large difference in geodetic and seismic energy release suggests that some tectonic stress may persist. The decadal eruption cycle at Oldoinyo Lengai volcano indicates that the volcano recharge cycle is much shorter than tectonic cycles, and lead to more complex time-space seismicity patterns. Our active deformation studies indicate that earthquakes are largely driven by stress state around inflating magma bodies, and more dike intrusions with surface faulting, eruptions with sometimes large volume ash and lapilli ejecta, and frequent M4-6 earthquakes are expected. The curvature in the cumulative frequency versus magnitude relation for the OL-NS-G window is caused by an apparently larger number of 2.7 < M L < 5 earthquakes around the sill complexes, where rupture length may be constrained [e.g., Main, 1987] .
Eruptions in the monogenetic cone complex are also a hazard. Petrological analyses of lavas erupted in the monogenetic cone province above the Naibor Soito magma body indicate very rapid (<48 h) mantle-tosurface ascent of CO 2 -rich olivine melilitites [Mattsson and Tripoli, 2011] , indicating that future eruptions could occur with little or no warning, and be accompanied by damaging earthquakes. The sill complex between Oldoinyo Lengai and Gelai volcanoes leaves open the possibility of magma mixing and stress triggering between volcanoes, and may explain the 2007 earthquake-dike-eruption sequence. Shaking from persistent and very shallow 6 km earthquakes beneath the Crater Highlands could trigger landslides down the steep fault scarps. Planned and future development in the national parks and game reserves should proceed with awareness of these active ground deformation and potential eruption and gas release hazards, and include long-term geophysical and geochemical monitoring.
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Conclusions
The CRAFTI-CoLiBrEA broadband seismic array was used to locate 3427 earthquakes over a 13 month period between January-February 2013 and 1 December 2013 to 6 December 2014, including earthquakes within the deeply rooted Archaean craton. Earthquakes within the array were relocated using waveform cross correlation of events in a double-difference earthquake relocation algorithm, taking advantage of a new 3-D velocity model derived from our data. We determine a new earthquake magnitude scaling relation that accounts for local attenuation effects, and find agreement between local magnitudes and body wave magnitudes for two teleseisms that occurred during our experiment. The b-value for the entire data set (N 5 2315) is 0.87 6 0.03, similar to earlier estimates for the craton and rift zone.
Some of the precisely relocated events occur at depths of 20-27 km along subsurface projections of border faults, constraining fault dips to 508 or more in the lower crust. The fault zones serve as conduits to the surface for CO 2 exsolved from active magma intrusion into the lower crust beneath much of the study area. The magmatic CO 2 release, therefore, explains some of the seismicity at depth greater than the brittleductile transition for mafic granulite in this area (15 km below sea level). Rock-CO 2 interactions promote creep, serving to localize strain to the border fault during early-stage rifting. Lower crustal seismicity occurs around pressurized magma chambers where high fluid pressures induce hydraulic fracture. Intense, tabular shaped clusters of earthquakes between 6 and 10 km depth, including two M L 4.7 earthquakes beneath the Naibor Soito monogenetic cone province, are interpreted as a stacked sill complex above a lower crustal low-velocity zone interpreted by Roecker et al. [2017] as a magma chamber.
Focal mechanism analyses of local earthquakes and consideration of mechanisms of previous instrumentally recorded earthquakes indicate a local rotation in extension direction from E-W to SSE in the area of active magma intrusion between Oldoinyo Lengai, Naibor Soito monogenetic cone complex, and Gelai volcano. The stress field rotation facilitates strain transfer from the border fault system, the locus of deformation during the earliest stages of rifting, to the zone of magma intrusion in the central rift valley. The 608 rotation in T axis direction across the magmatically active Natron-Manyara accommodation zone relative to rift sectors to the north and south may be caused by low density lower crustal magma body and surface topography that superposes a radial stress field on the tectonic extension direction. Our active deformation studies indicate that earthquakes are largely driven by stress state around inflating magma bodies, and more dike intrusions with surface faulting, eruptions, and frequent M4-6 earthquakes are expected.
